Osteochondral tissue engineering (OTE) for joint reconstruction ideally requires a scaffold system that provides both the articular cartilage and the underlying, supportive subchondral bone. In this study, to mimic the osteochondral arrangement of diarthrodial joints, a bilayered dense hydrogel construct was developed using two defined collagen/chitosan weight ratios which approach the ratio of collagen/glycosaminoglycans observed in the native extracellular matrices (ECMs) of the cartilage and bone. RCJ3.1C5.18 chondroprogenitor cells, and MC3T3-E1 osteoprogenitor cells, were selected as well-defined models of cell differentiation and activity (to chondrocytes and osteoblasts, respectively) that could be sequentially seeded within adjacent hydrogel layers. Culture conditions were optimized to support the simultaneous growth and differentiation of both cell types as determined by gene expression and biochemical analyses. Chondrogenesis was observed within the cartilage-ECM-like layer, as indicated by the expression of Col2a1 and Acan, safranin O staining, and quantification of glycosaminoglycans, as well as by observing type II collagen and aggrecan immunoreactivity. In the bone-ECM-like layer, biomarkers included elevated alkaline phosphatase enzymatic activity, mineral deposition, and expression of Akp2, Col1a1, and Mmp-13. This study describes an integrated, bilayered hydrogel tissue model to investigate cell-cell and cell-matrix/mineral interactions in a multi-layered construct potentially useful for joint repair.
Introduction
Articular cartilage damage-whether from trauma or arthritis-frequently transcends the joint surface to the underlying subchondral bone through the osteochondral interface, causing severe pain and joint dysfunction [1, 2] . Articular cartilage has a complex, anisotropic structure with limited capacity for self-repair as a consequence of its generally avascular nature, relying instead upon the formation of a blood clot and an inflammatory response to recruit mesenchymal stem cells (MSCs) to stimulate tissue regrowth [2] [3] [4] . The major clinical approaches for cartilage repair include mosaicplasty [5] , microfracturing [6] , autograft, and allograft plugs [7, 8] , as well as cell-based techniques such as autologous chondrocyte implantation (ACI) [5] and matrix-induced ACI [9] . While microfracture techniques have shown functional improvement in young patients, this surgical approach often contributes to the formation of fibrocartilaginous tissue, which gradually deteriorates [10] . Similarly, autologous osteochondral grafts exhibit limited integration between the host and donor plug [8] . In addition, ACI techniques have not shown substantial improvement over microfracture methods, although long-term graft survival is significantly increased compared to mosaicplasty [5, 11] . In general, the current clinical procedures for articular cartilage healing are mostly associated with donor insufficiency and inadequate bonding between the grafts and the surrounding native tissues [12, 13] .
Osteochondral tissue engineering (OTE) scaffolds hold promise for use in articular cartilage repair based on the potential for rapid and effective bone-to-bone integration compared to a cartilage-to-cartilage interface alone, which possesses a nonadhesive matrix [14, 15] . Therefore, an osteochondral implant would enable graft cartilage to be anchored to the host bone, via a bone-like layer. Despite this obvious need, OTE faces the challenge of having to engineer a scaffold that is able to maintain both chondrogenic and osteogenic phenotypes [16] . Previous studies involving multilayered tissues developed hybrid scaffolds by either suturing or gluing independently cultured constructs together [15, 17, 18] . Despite using these designs, in vivo studies have shown poor integration between the layers, often leading to failure of the graft [19, 20] . Alternative approaches have been developed to achieve integrated cartilaginous-and bone-like layers based on polymeric and ceramic constructs [20] [21] [22] . However, because of substantial differences in the mechanical properties of each layer, such constructs have exhibited weak interfacial properties leading to premature scaffold failure.
More recently, it has been discussed that cell-seeding into multi-layered scaffolds that are able to simultaneously heal both the bone and cartilage may be a future avenue for OTE [4, 12, 13, 23] . For example, Chen et al. [12] recently developed OTE scaffolds consisting of four functional layers, which included two hydrogels, an electrospun membrane, and a porous composite. In vivo evaluation showed a good level of integration between not only the scaffolds and native tissues but also the regenerated subchondral bone and cartilage [12] . As a more recent technology, 3D printing, which allows for layer-by-layer production of scaffolds through extruding various types of cellular and acellular hydrogels, has garnered substantial interest [3] .
In the present study, we introduce a rapid, straightforward process to produce cell-seeded, bilayered dense collagen/ chitosan hydrogels for which no chemical crosslinking or specialized equipment is required, making it immediately applicable as an osteochondral tissue model. Indeed, collagen-based scaffolds have been widely applied to mimic the native connective tissue of cartilage and bone present in the osteochondral region in articulating joints [24, 25] . Despite many advantages, type I collagen (Coll I) hydrogels exhibit poor mechanical properties as a result of their highly hydrated nature (> 99% fluid) and low collagen fibrillar density (< 0.5 wt.%) leading to a mismatch between the implanted scaffold and the defect site [13, 23, [26] [27] [28] [29] . Using the plastic compression technique, the collagen fibrillar density is rapidly increased by removing the excess casting fluid from the hydrogel and enabling the production of dense (approximately 10 wt.%) scaffolds with increased mechanical properties, without compromising seeded cell viability [30, 31] . However, and in addition to these advantages, osteochondral repair can benefit from the incorporation of biomacromolecules that closely mimic the composition and microstructure of the native extracellular matrix (ECM).
Along with abundant collagenous proteins, the ECMs of the cartilage and bone are composed of polysaccharides such as glycosaminoglycans (GAGs) ((all in wt.%) cartilage:2 0% type II collagen (Coll II),~10% GAGs and~70% water; bone:~33% Coll I,~1% GAGs and 66% water) [32] . Because of its similarities in structure and composition (i.e., N-acetylglucosamine and glucosamine units), chitosan (CTS) is commonly used as a GAG analog [33, 34] . CTS has been found to support chondrocyte differentiation and increase cartilage-specific ECM production when incorporated within various types of hydrogels [35, 36] . In addition, CTS has also been shown to promote growth and mineral-rich matrix by osteoblasts in culture; thus, it has been extensively used in bone tissue engineering [13, 33] . Furthermore, by altering the composition, our work has demonstrated the ability of CTS to control and tune the biophysical and mechanical properties of dense collagen gels [37] . In particular, dense collagen/chitosan (Coll I/CTS) hydrogels have exhibited a 1.4-and 2.3-fold increase in compressive modulus (23 to 55 kPa) and significantly increased resistance to collagenase degradation in comparison with Coll I/CTS 2:1 and neat Coll I, respectively [38, 39] . Furthermore, dense Coll I/CTS hydrogels supported chondrocyte [38] and osteoblast growth and differentiation with long-term stability of up to 8 weeks in vitro [39] .
The main objective of this study was to develop an OTE strategy that models the complex osteochondral structure and which supports the simultaneous regeneration of articular cartilage and the underlying subchondral bone. Two hydrogel layers, with distinct Coll I/CTS weight ratios approaching those of Coll/GAGs in the native ECMs of the cartilage (Coll I/CTS 1:1) and bone (Coll I/CTS 33:1), were seeded with RCJ3.1C5.18 chondroprogenitors and MC3T3-E1 preosteoblasts, respectively, and then simultaneously cogelled. The resulting highly hydrated gel was then plastically compressed to produce-within minutes-a bilayered dense Coll I/CTS osteochondral tissue model with a solid weight percentage approaching physiological values.
and stirring overnight at 4°C. Coll I/CTS solutions were prepared by the addition of 12.8 mL collagen solution (27 mg) under gentle stirring at 4°C. Coll I/CTS self-assembly was achieved by mixing the solution with 10X minimum essential medium (MEM; Sigma Aldrich, Ottawa, ON, CA) at a ratio of 4:1 and neutralized with 5 M NaOH, as previously reported [38, 39] . The bilayered hydrogels were fabricated in a twostep procedure (Fig. 1a) , where 0.5 mL of neutralized Coll I/ CTS 1:1 solution was pipetted first into a circular mold and left to start the self-assembly process at 37°C for 5 min, prior to the injection of 0.5 mL of the second layer (Coll I/CTS 33:1). Complete gelation was achieved by allowing the solutions to set at 37°C in a 5% CO 2 incubator for 30 min. Postgelation hydrogels were removed from the molds and dense bilayered gels were produced by plastic compression, as previously reported [30] . Briefly, highly hydrated gels (6 mm height; 16 mm in diameter) were placed on a stack of blotting paper, nylon mesh, and metal mesh to allow for capillary fluid flow and subjected to plastic compression using unconfined compressive stress of 0.5 kPa for 5 min, to remove the excess casting fluid. After processing, the orientation of the construct was maintained throughout the study, with the top layer being the cartilage-like Coll I/CTS 1:1 layer.
The solid-weight percent and collagen fibrillar density before (highly hydrated gel) and after plastic compression (dense gel) were measured by weighing the gels before and after freeze-drying for 24 h at − 102°C and 13 mTorr (BenchTop K freeze dryer, VirTis, SP Industries, Gardiner, NY, USA) and calculated according to the following Solid weight percentage
and Collagen fibrillar density
Structural characterization
The morphology of the bilayered hydrogels was assessed by field-emission scanning electron microscopy (FEG-SEM Model S-4700, Hitachi). Gels were fixed overnight at 4°C in a solution of 4% paraformaldehyde and 2% glutaraldehyde in 0. Cells were cultured and passaged once a week in MEM (Gibco-Invitrogen) containing 1% penicillin/streptomycin (Gibco), 2 mM L-glutamine (Gibco), 0.225 mM aspartic acid (Sigma), and 10% v/v of FBS (Hyclone, Thermo Scientific). Both cell types were incubated at 37°C in a 5% CO 2 humidified incubator and the medium was changed at 2-day intervals.
Cell seeding and optimization of co-culture conditions
RCJ and MC3T3-E1 cells were mixed with Coll I/CTS 1:1 and Coll I/CTS 33:1 solutions, respectively, at a density of 3 × 10 5 cells/mL of Coll I/CTS solution prior to gelation and plastic compression. During the fabrication of the bilayered hydrogel, both neutralized solutions were kept on ice to avoid early polymerization. Subsequently, gels were cast as stated above (Fig. 1) . After plastic compression, the dense bilayered hydrogels were transferred to 12-well plates and cultured under static conditions up to 35 days. Optimization of culture medium to maximize chondrocyte and osteoblast differentiation was assessed by culturing the constructs in three different media formulations containing 10 −7 -10 −9 M DEX, 50 μg/mL ascorbic acid (AA, Sigma) and 10 mM β-glycerolphosphate (βGP, Sigma). AA and β-GP were supplemented to enhance MC3T3-E1 collagen synthesis and differentiation, as well as calcium deposition, respectively. DEX was supplemented to enhance RCJ differentiation and cell aggregate formation. Since high concentrations of DEX (10 −7 M) have been shown to induce apoptosis in MC3T3-E1 cultures [40] , its concentration was decreased (10 −9 M) to prevent osteoblast apoptosis while being sufficient to support cartilage-like aggregate formation. Specifically, α-MEM supplemented with 10 −7 M DEX, AA, and βGP (α-MEM-HDEX); α-MEM supplemented with 10 −9 M DEX, AA, and βGP (α-MEM-LDEX); and MEM supplemented with 10 −9 M DEX, AA, and βGP (MEM-LDEX) were prepared and tested on the bilayered gel (Table 1) . Medium was changed at 2-day intervals.
Optimal medium formulation was determined based on its ability to support both chondrocyte and osteoblast differentiation. RCJ cell differentiation was assessed by GAG quantification, whereas MC3T3-E1 cell differentiation was evaluated by alkaline phosphatase (ALP) activity and calcium/mineral deposition. The optimal medium formulation was then selected for cell viability studies, RCJ and MC3T3-E1 gene expression profiles, histological and immunohistochemical analyses.
Biochemical analyses
Quantification of DNA and GAG content was performed using triplicate samples at days 1, 7, 14, 21, 28, and 35 as previously reported [38, 41] . Briefly, samples were washed with phosphate-buffered saline solution (PBS; Wisent, St. Bruno, QC, Canada) and freeze-dried for 24 h followed by digestion with papainase solution (100 μg/mL papain from papaya latex (Sigma), 5 mM L-cysteine in PBE buffer (100 mM Na 2 HPO 4 , 5 mM Na 2 EDTA, pH 7.5) for 18 h at 60°C. Papain-digested constructs were centrifuged and the supernatant was immediately used for DNA quantification. A standard curve was generated using known amounts of calf thymus DNA (0-1 μg/mL) dissolved in PBS buffer. The HOECHST 33258 dye (Sigma) was added to the standards and samples prior to reading fluorescence values at 360 nm excitation and 460 nm emission using a microplate reader (FLUOstar OPTIMA, BMG Labtech, Offenburg, Germany). Background fluorescence was accounted for by subtracting the values of acellular gels.
For GAG quantification, the dimethyl-methylene blue (DMMB) reagent solution (40 mM NaCl; 40 mM glycine; 46 mM DMMB, pH 3) was added to the sample supernatant and standards prior to reading absorbance at 520 nm in a microplate reader equipped with two onboard reagent injectors. The results were obtained by extrapolating from the standard curve using chondroitin sulfate from shark cartilage (Sigma).
ALP activity and calcium quantification were measured in triplicate from the supernatant and cell lysate, respectively, at days 1, 7, 14, 21, 28, and 35, as previously reported [39] . Briefly, hydrogels were washed with PBS and solubilized in 10 mM Tris (pH 7.4), 0.2% IGEPAL (Sigma), and 2 mM phenylmethylsulfonyl fluoride, followed by sonication and centrifugation. ALP activity was determined colorimetrically using a freshly prepared substrate solution (SIGMAFAST pnitrophenyl phosphate and Tris buffer tablets; Sigma). The absorbance was read at 405 nm using a microplate reader. Calf intestinal ALP (Sigma) was used as a standard.
To assess calcium content, the gel was decalcified with 0.5 N HCl for 1 h at 4°C on a rotator. Calcium levels were determined by measuring the supernatant spectrophotometrically (absorbance at 595 nm) from triplicate readings using a calcium assay kit (Diagnostic Chemicals Limited, Oxford, CT, USA) [42] .
Cell viability and morphology
Cell viability (estimated pre-compression population of 1.2 × 10 5 cells/layer) was evaluated using a confocal laser scanning microscope (CLSM, Carl Zeiss, LSM5 Exciter, Toronto, ON, Canada) after being exposed to the Live/Dead® reagent containing 1 μM calcein AM and 2 μM ethidium homodimer-1 (EthD-1) in PBS (Invitrogen, Carlsbad, CA, USA). Maximum-intensity projections of the confocal z-stacks along the entire thickness of the dense hydrogels and 3D orthorepresentations were obtained using 5-μm-thick slices with ImageJ software (1.42q, Rasband W, National Institutes of Health, Bethesda, MD, USA). Orthogonal sections were obtained using Zeiss LSM Image Browser software (Carl Zeiss, version 4.2.0.121, Germany). Viable cells were quantified from averages of three randomly selected regions (n = 3) within each layer of three separate gels at day 35. Table 1 Composition of culture media used for co-culture condition optimization. DEX, dexamethasone; AA, ascorbic acid; β-GP, β-glycerol phosphate; α-MEM, α-minimum essential medium
Components
Formulation
AA 50 μg/mL 50 μg/mL 50 μg/mL β-GP 10 mM 10 mM 10 mM cells/mL) was placed in a mold and self-assembly was initiated for 5 min at 37°C in a humidified incubator.
Step 2: To form a bone-ECM-like layer, MC3T3-E1 osteoprogenitor cells (3 × 10 5 cells/mL) seeded within a Coll I/CTS 33:1 (w/w) solution was then dispersed on top of the cartilage-ECM-like layer and the bilayered hydrogel was transferred to a humidified incubator set at 37°C for 30 min to complete the polymerization process.
Step 3: Dense hydrogels were produced by plastic compression (0.5 kPa for 5 min). b SEM image of the side edge of an acellular dense bilayered hydrogel after plastic compression. SEM micrographs revealed two morphologically distinct, but integrated layers (i). Top and bottom surfaces show the microstructure of Coll I/CTS 1:1 (ii) and Coll I/ CTS 33:1 (iii), respectively emergent mater. (2019) 2:245-262
RNA extraction and semi-quantitative RT-PCR
Semi-quantitative RT-PCR analysis was applied to measure mRNA levels of RCJ and MC3T3-E1 cells cultured within bilayered hydrogels. Cellular and acellular gels in triplicates were cultured in MEM-LDEX, as described above, and rinsed with PBS at days 1, 7, and 14. A parallel study was performed to evaluate the characteristic gene expression trends of chondrocytes and osteoblasts cultured independently in MEM-LDEX within Coll I/CTS 1:1 and Coll I/CTS 33:1, respectively, as compared to gene expression levels of cells simultaneously cultured within the bilayered hydrogel.
Samples were removed from − 80°C and freeze-pulverized using a Biopulverizer (BioSpec Products Inc., Bartlesville, OK, USA). Powders were used for RNA extraction by the cetyltrimethylammonium bromide (CTAB) method, as previously described [43] . CTAB extraction buffer was comprised of 2% CTAB (Sigma), 2% polyvinylpyrrolidone (PVP 40; Sigma), 1.4 M sodium chloride (NaCl, Fisher Scientific), 100 mM Tris-HCl (pH 8.0; Fisher Scientific), 20 mM EDTA (Sigma) in diethyl pyrocarbonate (DEPC) water, supplemented with 1% β-mercaptoethanol (Fisher Scientific). Sample powders were thoroughly mixed with pre-warmed 600 μL of CTAB buffer and followed by mixing with an equal volume of chloroform. The chloroform/CTAB mixture was centrifuged and the supernatant was extracted and mixed with an equal amount of isopropanol (Sigma), followed by 15-min centrifugation. The supernatant was discarded and 1 mL of 75% ethanol in DEPC water was added to the pellet. The mix was transferred to a RNeasy spin column from Qiagen RNeasy mini kit for plants (Qiagen, Valencia, CA, USA), followed by buffer washes and RNA elution, as recommended in the manufacturer's protocol. RNA was treated with DNAse (New England Biolabs, Ontario, Canada), and 1 μg was reverse-transcribed and amplified by gene-specific primers using the Superscript III One-Step RT-PCR system with Platinum™ Taq kit (Invitrogen) in a thermocycler (MyClycler, BioRad, CA, USA). Primers (0.5 μM, Invitrogen) for aggrecan (Acan) and type II collagen (Col2a1) [44] were used to determine the expression levels from mRNA extracted from RCJ cells. mRNA extracted from MC3T3-E1 was used to determine the expression level of type I collagen (Col1a1), tissue-nonspecific ALP (Akp2), and Mmp-13 [45] . GAPDH primers were prepared according to Foster et al. [46] and used as a housekeeping gene for data normalization (Table 2) . PCR products were analyzed by electrophoresis on a 2% agarose gel with 1.5% ethidium bromide (E-Gel®, Invitrogen), and amplimer size was estimated with a 50 bp DNA ladder (Invitrogen). Band volume quantification was performed using ImageJ. Expression levels were normalized to the band volume for GAPDH in triplicate RNA samples.
Histological analysis
Histological analyses were performed at day 35. Hydrogels were rinsed with PBS and fixed in 10% neutral buffered formalin overnight at 4°C. Fixation was followed by dehydration over 15 min in a series of graded ethanol solutions and embedded in paraffin. Sections of 5-μm thickness were cut through the center and edges of the gel, placed on positively charged glass slides, and stained with safranin O/Fast Green or with hematoxylin/eosin (H&E) staining.
Immunohistochemical analysis
Unstained paraffin-embedded sections were used for Coll II, a g g r e c a n , a n d F -a c t i n i m m u n o h i s t o c h e m i s t r y. Deparaffinization was obtained by immersing the glass slides in a series of xylene/ethanol solutions. Antigen retrieval was performed by immersing the slides in Tris/EDTA pH 9.0 and left in a furnace at 60°C for 24 h. After heat-induced epitope retrieval, the samples were washed in PBS and digested with 2% hyaluronidase (Sigma) for 30 min. After washing 3× with 0.1% bovine serum albumin (BSA, Sigma) the sections were permeabilized with 0.25% Triton X-100 (Sigma) for 10 min. Subsequently, the slides were placed in 2% BSA (blocking buffer) for 30 min and then incubated overnight with rabbit anti-Coll II (1:100, Millipore, Billerica, MA, USA) or rabbit anti-aggrecan (1:100, Millipore) antibodies. The slides were further incubated with Alexa Fluor 488-labeled goat antirabbit IgG (1:200, Invitrogen) or tetramethylrhodamine isothiocyanate goat anti-rabbit IgG (1:200, TRITC, Sigma) for 1 h followed by nucleic acid staining with EthD-1 (1:3000; Invitrogen). Finally, samples were coverslipped with mounting medium (Geltol, Thermo Electron Corporation, Pittsburgh, PA, USA). Sections of acellular and cellular gels processed without primary antibody were used as negative controls. z-stacks of fluorescent immunoreactivity towards Coll II and aggrecan of acellular and cellular gels were acquired using a CLSM. Maximum-intensity projections of the gels were generated using ImageJ.
Detection of F-actin was performed in transverse and horizontal paraffin-embedded sections. F-actin was labeled with Alexa Fluor 488 phalloidin (Invitrogen).
Statistical analysis
All data are presented as the mean ± standard deviation of the mean (± SD) of 3 independent studies. Statistical significance between groups and between time points was determined using a one-or two-way ANOVA with a Tukey-Kramer's post hoc multiple comparison of means. Two-way ANOVA was used with culture condition and time as independent variables. The level of statistical significance was set at p < 0.05.
Results

Structural evaluation of the osteochondral hydrogel
The application of plastic compression resulted in approximately 14-and 36-fold increases in solid weight percentage and collagen fibrillar density of Coll I/CTS 1:1 and Coll I/CTS 33:1 layers, respectively (Table 3) . SEM micrographs of the side edge of the bilayered hydrogel showed in cross-section its stratified structure revealing two morphologically distinct layers (Fig. 1b i) . Gross examination of the bilayered hydrogel by SEM revealed no delamination after processing, confirming the close approximation of the two layers. The top view of the cartilaginous-ECM-like layer exhibited randomly oriented nanofibrils of collagen with homogeneously dispersed CTS throughout the open-pore microstructure (Fig. 1b ii) . The bottom view of the bone-ECM-like layer, having lower CTS content, showed a more compacted structure (Fig. 1b iii) .
Influence of culture conditions on chondrocyte and osteoblast differentiation as evaluated by biochemical assays
To optimize the culture medium and concentrations of supplemental reagents (i.e., DEX) necessary for the simultaneous growth and differentiation of RCJ and MC3T3-E1 cells seeded in their respective layers, bilayered constructs were cocultured either in α-MEM-HDEX, α-MEM-LDEX, or MEM-LDEX for up to 35 days. The content of DNA, GAG, calcium, and ALP activity within the gels were measured as quantitative indicators of cell differentiation (Fig. 2) . Twoway ANOVA indicated that the total DNA content of the cells seeded within the bilayered construct significantly increased (p < 0.05) up to day 14 when cultured in α-MEM-LDEX and up to 21 days when cultured in α-MEM-HDEX and MEM-LDEX (Fig. 2a) . In particular, the DNA content in gels cultured in MEM-LDEX was significantly higher at each time point up to day 21 compared to α-MEM-HDEX and α-MEM-LDEX (p < 0.05). At day 35, a significant decrease was observed in α-MEM-LDEX and MEM-LDEX compared to α-MEM-HDEX (p < 0.05). This effect may be associated with a reduction in cell proliferation attributable to contact-mediated cell inhibition and the reduction in DEX concentration, which is known to affect chondrocyte proliferation [47] . Compared to day 1, the DNA content was approximately 6-fold higher in α-MEM-HDEX and 3-fold-higher in α-MEM-LDEX and MEM-LDEX at day 35.
GAG content was used as an indicator of chondrogenic differentiation within the cartilaginous-like layer (Fig. 2b) . Two-way ANOVA demonstrated a significant increase up to day 14 for all medium formulations (p < 0.05). The Tukey- Kramer test shows that the means of MEM-LDEX and α-MEM-LDEX formulations decreased after 21 days, whereas α-MEM-HDEX remained unchanged up to day 35, as shown for DNA content (Fig. 2a) . GAG content between the α-MEM-LDEX and MEM-LDEX conditions at day 35 was not statistically different (p > 0.05). Calcium content and ALP activity were used as indicators of osteoblastic differentiation of MC3T3-E1 cells seeded within the bone-ECM-like layer. Although RCJ cells may also induce collagen mineralization in cell culture, regular supplementation of a high concentration of extracellular calcium (2.9 mM CaCl 2 ) is required for mineralization of collagen to occur [48] . Thus, the total calcium content measured within the bilayered hydrogel was derived solely from the osteoblastseeded layer. In addition, ALP activity was measured within a RCJ-seeded Coll I/CTS 1:1 layer in the absence of osteoblasts for up to 14 days in order to confirm that the ALP activity measured within the bilayered construct (two orders of magnitude higher) was exclusively derived from the osteoblastseeded layer (Supplementary Material; Fig. S1 ).
Culturing of the gels in chondrogenic medium (α-MEM-HDEX) resulted in no significant calcium deposition as determined by colorimetric detection (Fig. 2c) . A two-orders-ofmagnitude reduction in the concentration of DEX (10 −9 M, α- MEM-LDEX) resulted in a slight increase in calcium content. However, the content of calcium within the bilayered hydrogel cultured with MEM-LDEX significantly exceeded that of α-MEM-HDEX (up to 9 ± 0.5 μg/gel at day 14, p < 0.05). No statistical difference was found in calcium content between days 14 and 35. Consistent with calcium quantification, MEM-LDEX medium significantly increased ALP activity, compared to α-MEM-HDEX and α-MEM-LDEX (Fig. 2d) . ALP activity increased with time up to day 14 and remained unchanged up to day 35.
Therefore, MEM-LDEX provided the most suitable culture medium for the simultaneous differentiation of both RCJ and MC3T3-E1 cells. In view of this, MEM-LDEX formulation was chosen as the optimal culture medium for further studies of chondrocyte and osteoblast growth and differentiation in bilayered hydrogels.
Cell viability and morphology
The viability and morphology of RCJ and MC3T3-E1 cells were assessed using the Live/Dead® staining assay (Supplementary Material; Fig. S2 ). CLSM was used to obtain images of labeled cells along the entire thickness of the bilayered hydrogel (Fig. 3a) . The Live/Dead® assay at day 1 showed uniformly distributed viable RCJ and MC3T3-E1 cells that displayed a rounded morphology within each respective layer (Supplementary Material; Fig. S2 ), demonstrating that neither the shear stress generated by the rapid expulsion of water or the load exerted on cells during plastic compression were detrimental towards seeded cells, as has been previously observed [38, 39, 49] . z-stack reconstruction of horizontal image slices covering the entire height of the~200 μm gel revealed that green fluorescent calcein-AM-labeled cells were uniformly distributed throughout the hybrid gel and the two layers were readily distinguished by the unique morphology of RCJ (Fig. 3b, c) and MC3T3-E1 cells (Fig. 3d, e) at day 7 in culture. RCJ cells within the cartilaginous-like layer formed cartilage-like aggregates with spherical cell morphology, as early as day 7 (Fig. 3b, white arrows) . In contrast, osteoblasts displayed a spindle-shaped morphology. Consistent with DNA quantification (Fig. 2a) , a high density of viable cells was observed throughout the bilayered hydrogel after 35 days in culture, as evidenced by the limited number of EthD-1-stained cell nuclei (93.5% ± 4.6 and 96.2% ± 3.2 viable cells within the cartilage-ECM-like and bone-ECM-like layer, respectively). Maximumintensity projections of the confocal z-stacks of chondrocytes and osteoblasts seeded within the top and bottom layers at day 35 are shown in Fig. 3f and g, respectively.
Detection of chondrogenic and osteogenic marker genes by semi-quantitative RT-PCR
Simultaneous chondrogenic and osteogenic differentiation of RCJ and MC3T3-E1 cells within the bilayered hydrogel was determined by semi-quantitative RT-PCR as an early indicator of the expression of chondrocytic (Col2a1 and Acan) and osteoblastic (Col1a1, Akp-2, and Mmp-13) marker genes up to 14 days in culture (Fig. 4) . The specificity of the PCR primers for the unique genes expressed by each cell type was demonstrated by analyzing independently cultured dense cartilage-and bone-ECM-like layers (control). In particular, after normalizing gene expression relative to the GAPDH housekeeping gene, the mRNA transcription level of Acan within the dense hydrogel increased 2.7-fold at day 14 compared to day 1 ( Fig. 4a; p < 0.05) . There was no statistical difference between the control and the co-cultured cells after 14 days in culture. The chondrocyte-specific Col2a1 mRNA from the control and co-culture samples was upregulated by 2.7-and 5.4-fold at day 7, followed by a 1.4-and 1.2-fold downregulation at day 14, respectively (Fig. 4b) .
The expression of Akp2 within the dense bilayered hydrogel increased up to 1.9-fold at day 7 and remained stable up to day 14 (Fig. 4c) . The control samples showed lower gene expression levels of Akp2 up to day 7 when compared to the co-culture samples. At day 14, the control depicted higher levels of Akp2. Col1a1 mRNA levels within the dense bilayered hydrogel increased by 1.9-fold at day 7, compared to day 1, where it remained unchanged for up to 14 days (Fig.  4d) . No statistical differences were observed between the control and co-culture samples. Finally, Mmp-13 expression increased at day 7 with a 4.3-fold increase above day 1, also remaining unchanged thereafter (Fig. 4e) . There was no statistical difference between the control and the co-cultured cells after 14 days in culture in Mmp-13 gene expression level.
Histological analysis of the dense bilayered hydrogels
Histological H&E staining assessed the interface of the bilayered hydrogels after 35 days in culture (Fig. 5) . Transverse histological sections revealed two distinct layers of 154.7 ± 8.7 and 73.4 ± 8.6 μm in thickness for Coll I/CTS 1:1 and Coll I/CTS 33:1, respectively. Cells within the top layer (Fig. 5a, b) exhibited a round chondrocytic morphology that is a characteristic of chondrocyte-like cells (black arrows). However, a small number of spindle-shaped cells were observed within the aggregates present at the edge of the gels. Cells seeded within the bottom layer displayed a spindleshaped morphology, a characteristic of the osteoblast/ osteocyte lineage. The absence of delamination between the two layers was also confirmed in safranin O/Fast Greenstained sections (Fig. 5c, d ). Horizontal sections of Coll I/ CTS 1:1 layer stained for anionic GAG chains of proteoglycans revealed strong positive cellular and extracellular GAG staining, indicating chondrocyte synthesis of cartilage-like matrix (Fig. 5e, f) .
Immunohistochemical analysis of chondrogenic differentiation within the cartilaginous-like layer
Immunohistochemical analyses were performed to assess the differentiation of chondrocytes and extend the semiquantitative RT-PCR and histological findings. The newly synthetized ECM by RCJ cells was immunohistochemically localized within the cartilaginous-like layer by CLSM detection of Coll II and aggrecan immunoreactivity after 35 days in culture (Fig. 6) . Positive immunoreactivity for Coll II was distributed extensively within the Coll I/CTS 1:1 layer (Fig. 6a, b) . A high-magnification image shows the immunofluorescence-staining pattern of Coll II in the cartilaginous-like aggregates in greater detail (Fig. 6b) . Antibodies directed against rat Coll II did not exhibit any immunoreactivity towards acellular gels prepared using rat Coll I. Furthermore, CLSM analysis of the bilayered hydrogel also revealed cell-associated aggrecan immunofluorescence within the Coll I/CTS 1:1 layer (Fig. 6c, d ). Aggrecan immunostaining was localized to the extracellular space within the Coll I/CTS matrix ( Fig. 6c inset and Fig. 6d) . The negative control, in which the primary antibody was omitted, showed no evidence of immunofluorescent staining (data not shown).
Detection of Coll II (red) and F-actin (green) was also performed on transverse and horizontal sections (Fig. 7a) to investigate Coll II distribution within the cartilage-ECM-like layer. In transverse sections of the bilayered hydrogel, positive immunostaining for F-actin was present within the gel with some accumulation near its top edge. It was noted that the topmost layer presented low positive staining for Coll II that possibly attributed to dedifferentiation of chondroprogenitors into fibroblast-like cells due to a higher oxygen level at the Fig. 4 Comparison of cartilage cell and bone cell-specific gene expression by RCJ and MC3T3-E1 cells cultured independently within Coll I/ CTS 1:1 and Coll I/CTS 33:1 (control), respectively, or as co-cultures within the bilayered hydrogel. Gene expression of a Acan and b Col2a1, from mRNA extracted from RCJ cells, revealed high levels at days 7 and 14. Gene expression of c Akp2, d Col1a1, and e Mmp-13, three osteogenic markers, were detected at all times during the 14-day culture period. *Indicates a statistically significant difference (p < 0.05) with previous time point within the same group. **Indicates a statistically significant difference (p < 0.05) between groups at a specific time point. Data are represented as the mean ± SD, n = 3 surface [50] . This was in line with histology findings in Fig. 5e and f. Coll II was solely present in the top cartilaginous-like layer near surface-resident cells, showing antibody specificity for chondrocyte-produced ECM (Fig. 7b) . Images of immunostained F-actin (Fig. 7c) and Coll II (Fig. 7d) revealed the localization of Coll II surrounding the spherically shaped chondrocytes, providing further evidence that the ECM protein was localized at the cellular periphery (Fig. 7e) .
Discussion
Regeneration of complex tissues comprising multiple cell types and highly organized ECM structures represents a major challenge for tissue engineering [16] . In particular, OTE relies on the fabrication of a bilayered scaffold strategy for the simultaneous replacement of the articular cartilage and the underlying subchondral bone that takes advantage of the rapid formation of an integrated graft-to-bone interface, as compared to a graft-to-cartilage interface [17] . In the present study, a bilayered dense hydrogel was developed to model the complex osteochondral structure using two defined Coll I/CTS weight ratios which approach those of Coll/GAG in the native ECMs of the cartilage and bone, and support the simultaneous differentiation of RCJ and MC3T3-E1 cells seeded within each distinct layer. The close approximation between the two layers may have been attained by physical cross-linking of the collagen fibrils of each layer, attributable to the interdiffusion of the two Coll I/CTS suspensions. Although differentiated chondrocytes seeded within Coll I scaffolds have been shown to lose their cartilage-like characteristics as they undergo dedifferentiation towards a fibroblastic phenotype, the incorporation of CTS has enhanced chondrocyte cell growth and biosynthesis of cartilage-like matrix [38] . In addition, by application of the plastic compression technique, the solid weight percentage and collagen fibrillar density of the scaffolds were increased towards physiologically relevant values approaching those found in native ECMs (~10-20% and~30-40% collagen fibrillar density for cartilage [51] and bone [32] , respectively). The bilayered design presented here mimics the unique characteristics of the two distinct ECM environments rather than the development of a construct that attempts to fulfill the requirements of both the cartilage and bone in a single structure [20] .
Also in the present study, an effective and rapid strategy to homogenously seed chondrocytes and osteoblasts within different dense hydrogel layers was devised as part of the selfassembly process. Thus far, a limited number of integrated but heterogeneous hydrogel-based composite scaffolds have been described for the repair of complex stratified tissues with distinct populations of differentiated cells [52] [53] [54] . Elisseeff et al. [55] demonstrated that seeded chondrocytes are able to synthesize ECM in the upper, middle, and lower zones of the stratified polyethylene glycol photopolymerized hydrogel. However, this approach has a limited remodeling capacity (i.e., nonbiodegradable) and lacks matrix-derived cellular signals (i.e., nonbiomimetic). Although a related, yet degradable, nonbiomimetic oligo-polyethylene glycol fumarate-based scaffold has been used to support tissue growth, the chemical crosslinking methods used for hydrogel polymerization may be cytotoxic [56] . In contrast, fully biomimetic and biodegradable compressed collagen scaffold rolls seeded with preconditioned MSCs induced cellular differentiation along chondrocytic and osteoblastic lineages within a single material for temporomandibular joint repair [54] . In another study, the repair of articular osteochondral defects in a porcine model using isolated autologous chondrocytes [57] led to the formation of neocartilage within both the cartilage layer and subchondral bone defect. This indicates that either a different cell source or simultaneous grafting of more than one cell type might be necessary, imparting several challenges to the field of OTE, such as the determination of optimal co-culture and scaffold seeding conditions [58] .
Chondrogenic medium contains the synthetic glucocorticoid DEX that induces chondrogenesis and increases the number of cellular aggregates in a dose-dependent manner [47] . On the other hand, osteogenic medium contains AA and βGP, which induce the formation of a collagenous ECM and promote calcium/mineral deposition, respectively [59, 60] . The presence of these three additives in the culture medium is necessary to support the maintenance of stable chondrogenic and osteogenic phenotype in their respective layers during coculture. However, high concentrations of DEX (10 −7 M) have been shown to induce apoptosis in MC3T3-E1 cultures [40] . Therefore, the concentration of DEX was decreased by two orders of magnitude to prevent osteoblast apoptosis while being sufficient to support cartilage-like aggregate formation. Although the mechanisms by which DEX regulates chondrogenic differentiation are unknown, it is proposed that DEX affects various complex regulatory and signaling networks associated with the ECM and intercellular interactions [61] . Based upon the analyses of total DNA content, GAG synthesis, ALP activity, and calcium content, MEM-LDEX was chosen as the optimal culture medium for the study of the simultaneous growth and differentiation of both RCJ and MC3T3-E1 cells. The optimization of the culture medium was essential to achieve the phenotypic expression of both cell types as they differentiated within their respective layers. CLSM analysis of RCJ and MC3T3-E1 cells demonstrated their viability up to 35 days, as indicated by the high density of green-fluorescent calcein-AM-labeled cells. Calcein-AM staining also allowed for the evaluation of cell morphology within the top and bottom layers of the bilayered hydrogel, depicting the characteristic rounded shape of RCJ cells as previously reported [38, 44] , as well as evidence of cartilage-like aggregate formation as early as 7 days. The bottom layer, on the other hand, presented distinctly different cells with spindle-shape morphology, a characteristic of the MC3T3-E1 osteoblasts [62] .
Cell differentiation under optimized co-culture conditions within the bilayered hydrogel was investigated by semiquantitative RT-PCR as an early indicator of tissue-specific gene expression by resident cells. To further investigate the production of newly synthetized ECM, and extend the semiquantitative RT-PCR findings, histological and immunohistochemical analyses were performed up to 35 days. The effect of co-culture on the growth and phenotypic maintenance of chondrocytes and osteoblasts was first investigated in 2D monolayer culture by Lacombe-Gleize et al. [63] , who showed an upregulation of the mitotic potential of chondrocytes upon exposure to factors secreted by osteoblasts. Similarly, a 3D model based on the sequential culture of osteoblasts seeded on top of a chondrocyte micromass also suggested that interaction between these two cell types modulates their phenotypes, as shown by reduced proteoglycan synthesis by chondrocytes as well as decreased matrix mineralization by osteoblasts [64] . Unlike previous studies, here the gene expression of both RCJ cells (Col2a1 and Acan) and MC3T3 cells (Col1a1, Akp-2, and Mmp-13) presented similar levels to the control samples during the 14-day culture period. This may be attributed to the CTS supporting both osteoblastic and chondrogenic differentiation. However, since gene expression analyses were performed on homogenizations of the entire hydrogel, because of experimental limitations in separating the two layers on the osteochondral scaffold after several days in culture, the use of a cell tracker followed by flow cytometry is required to fully understand the behavior of both cell types. In addition, although this study provided several lines of evidence suggesting chondrogenic differentiation within the dense Coll I/CTS 1:1 layer, further evaluations on the expression of chondrogenic differentiation (e.g., Col9a2, Col10a1, and Col11a2) and dedifferentiation (e.g., Col1a1) markers warrant further investigations to confirm the differentiation status of the seeded RCJ cells.
The ability of the Coll I/CTS 1:1 cartilage-ECM-like layer to support the growth and differentiation of RCJ cells and promote cartilage-like matrix formation was demonstrated by the positive Coll II immunoreactivity, safranin O-staining, and GAG content. The results obtained by biochemical, histological, and immunohistochemical analyses were consistent with the expression of the chondrocytic phenotype at the gene level, as indicated by Acan and Col2a1 markers, which were expressed up to 14 days. A similar finding was reported previously [38] , where the incorporation of CTS into a dense collagen hydrogel was found to stabilize the chondrocyte phenotype and increase the synthesis of cartilage-specific ECM components. Since positively charged CTS can interact with cellular receptors and with matrix proteins by stereospecific glycan binding and non-specific charge interactions [65] , it may have facilitated cell differentiation by electrostatically binding cell membranes and negatively charged sulfated GAGs [66] .
In addition to the analyses of gene expression for ECM proteins, 3D reconstruction of the confocal z-stack images demonstrated the pericellular deposition of Coll II and aggrecan, particularly within cartilage-like aggregates. Double immunodetection of F-actin and Coll II confirmed the characteristic round morphology of chondrocyte-like cells, as well as Coll II pericellular staining, consistent with this phenotype [67] . However, few spindle-shaped cells were present within cartilage-like aggregates close to the gel surface in histological sections. This may be attributed to the fact that the aggregates that were close to the surface had higher oxygen access, compared to the core of the gel [38] . Low oxygen partial pressure has been found to act as a chondro-promoter, increasing the biosynthetic activity of chondrocytes of MSCs, whereas high oxygen levels cells become fibroblast-like losing their round shape and becoming more spindle-shaped [50] .
Osteoblasts seeded within a Coll I/CTS 33:1 layer showed an increase in Col1a1 and Akp2 expression, two early differentiation markers associated with the osteoblastic differentiation phase [68, 69] . In particular, the upregulation of the mRNA expression of Col1a1 at early time points is known to contribute to ECM synthesis and subsequent mineral deposition [69] . Akp2 expression correlated with the onset of ALP enzymatic activity. Indeed, in the present study, the calcium content within the gels was maximal (9-fold increase compared to day 1) at day 14, indicating that ALP expression and activity immediately precedes matrix mineralization where it serves to remove mineralization-inhibiting pyrophosphate [38, 69, 70] . The incorporation of CTS into dense Coll I hydrogels has been shown to increase ALP activity, mineral deposition, and Mmp-13 expression up to day 21 [39] . Differences in Akp2 between the control and co-culture samples may be related to cells seeded within the bilayered hydrogel approaching the late osteoblast developmental phase earlier than the control. Future studies are necessary to elucidate which RCJ signals modulates MC3T3-E1 gene expression profile.
Mmp-13 (collagenase 3) is a member of a family of endopeptidases that cleave fibrillar collagens present in the ECM, and is in part responsible for matrix remodeling during tissue maintenance and repair [71, 72] . In the present study, Mmp-13 mRNA expression was also elevated up to day 14, suggesting that the enzyme was active in degrading the Coll I matrix as in normal physiological processes. Enzymatic degradation of the dense hydrogels may contribute to remodeling as well as integration of the new tissue into the underlying subchondral bone via the creation of a bone-like layer through osteoblastmediated mineral deposition. Ongoing studies will be necessary to quantify the performance of these scaffolds in vivo.
While assessment of the bilayered Coll I/CTS hydrogel using a clinically relevant cell source is clearly important for clinical translation, the scope of the study conducted herein provides a strong proof-of-concept using two highly characterized and relevant cell lines [73, 74] grown simultaneously under well-defined conditions. Ongoing studies will be necessary to investigate cell-to-cell crosstalk between RCJ and MC3T3-E1 cells in co-culture by long-term quantitative PCR and 2D culture systems. Moreover, additional validation of the model will be required, including the use of MSCs, and measurement of the interface adhesion strength of the acellular and cell-seeded bilayered hydrogels.
Conclusions
This study reports an in vitro 3D experimental tissue model as a relevant biomimetic construct for osteochondral tissue engineering applications. First, by means of plastically compressing a co-gelled two-layered hydrogel, a biomimetic bilayered dense Coll I/CTS hydrogel-with ratios and solid weight percentages approaching those of native cartilage and bone ECMs-was rapidly developed. The ability of the bilayered hydrogel to support simultaneously layered chondrogenesis and osteogenesis under optimized co-culture conditions could have important implications for the study of cell-cell interactions and the production of multilayered scaffolds for other applications involving stratified tissues. In summary, this in vitro work provides an optimal ECM milieu for cell growth and differentiation with potential for clinical use as biomimetic implant with osteochondral regenerative capacity.
